The expansion of neutral gas in an open-ended cylindrical chamber into a large vacuum facility is investigated to understand neutral particle density distribution. The cylindrical chamber geometry with a single on-axis gas injection port is representative of a helicon plasma source discharge chamber. The neutral gas pressure profile along the cylinder wall is experimentally measured for argon and xenon mass flow rates of 0-200 sccm, at facility pressures up to 3 × 10 −5 and 3.8 × 10 −5 torr Ar and torr Xe, respectively. The average relative error between the experimentally measured pressure profiles and the numerical results obtained with a direct simulation Monte Carlo code is less than 10%, with the maximum relative error below 30%. The single on-axis injection port into the cylindrical discharge chamber results in a nonuniform neutral particle density distribution in the source due to the recirculation zone generated in the rear of the discharge chamber. This highlights the potential impact of the propellant injection system design on the neutral particle depletion phenomenon in helicon plasma sources.
I. Introduction
I N RECENT years, helicon discharges have attracted increasing interest not only in the areas of basic plasma physics research and plasma technology, but also in the electric propulsion community, the main applications being the helicon double-layer thruster (HDLT) [1] and the variable specific impulse magnetoplasma rocket (VASIMR) thruster [2, 3] . Helicon waves are a bounded mode of whistler waves and are typically excited by RF power deposition along a dc magnetic field. The attractiveness of helicon sources comes from their efficiency as plasma generators and their simplicity in terms of system requirements. Plasma number densities on the order of 10 19 -10 20 m −3 are attained at RF power levels of 1-2 kW (around two orders-of-magnitude higher than values achieved in inductively coupled sources of equivalent power), with ionization fractions close to 100% in the core of the source [4] [5] [6] [7] . A "blue core" is observed in this mode of operation due to intense light emission from Ar II lines. Recent measurements on the VASIMR engine indicate values for the ionization cost 5-6 times higher than the theoretical ionization energy for several gases (Ar, H 2 , Kr) [8, 9] . In comparison, dc ionization mechanisms are known to require more than 10 times the theoretical ionization energy [6] .
The physical structure of a helicon source typically consists of an insulating tube surrounded by an RF-driven antenna placed in a region with a relatively high (typically 500-1500 G) magnetic field parallel to the axis of the tube. In many helicon experiments for basic plasma research, the discharge chamber is composed of a small diameter (2-10 cm), relatively long (0.5-1.75 m) Pyrex® or quartz tube (aspect ratio, i.e., diameter-to-length ratio, between 0.03 and 0.2), with the exhaust end directly connected to a vacuum port. The facility backpressure is typically 0.1 -20 × 10 −3 torr [4, 6, [10] [11] [12] [13] [14] [15] [16] [17] . Because of the physical geometry of this configuration, it is not possible to distinguish between facility pressure and the pressure inside the tube. In other configurations, the exit of the insulating tube is connected to an evacuated vacuum chamber of comparable or slightly larger size (most values of vacuum chamber-to-tube diameter ratio are much lower than 10) [18] [19] [20] [21] [22] [23] [24] [25] . Experiments of propulsive interest usually involve the use of open-ended tubes of higher aspect ratio (typical values around 0.5) and require the entire helicon source (magnets, antenna, and insulating tube) to be placed inside a relatively large vacuum chamber (the ratio of chamber-to-tube diameter usually being 15-30) [26] [27] [28] , so that the flow expands into a vacuum environment, which is representative of the on-orbit environment.
Although many areas of helicon source operation have been investigated, the role played by neutral particles and their distribution in the source (i.e., the way the neutral particles influence the operation and efficiency of the source) is not fully understood. Knowledge of the neutral particle evolution is especially important in helicon thrusters, because a uniform neutral particle density distribution is difficult to achieve in an open-ended high-aspect-ratio configuration. Here the terms "cold" and "hot" are used to refer to quantities before and after the RF power is turned on, respectively. The goal of this work is to highlight the importance of cold neutral particle dynamics by means of experimental and numerical simulations, to assess the effectiveness of the selected geometry of the tube and the feeding ports, to obtain a desired neutral particle distribution. The numerical simulations are validated with experimentally measured axial neutral pressure profiles along the wall of the insulating tube.
In Sec. II, we review recent investigations about the role played by the neutral particle distribution in the operation of helicon sources. In Sec. III, we describe the experimental apparatus employed for the wall pressure measurements, and in Sec. IV, the numerical direct simulation Monte Carlo (DSMC) code is described. Section V is devoted to the discussion of both the experimental and numerical results.
II. Effect of Neutral Particle Density on Helicon Source Operation
The neutral particle density distribution within the discharge chamber of the helicon source affects both the ionization and ion acceleration processes: Ion production depends directly on electronneutral collisions, and ion acceleration is impeded by ion-neutral collisions. The neutral particle distribution inside the tube, with respect to the position of the RF antenna, strongly affects the deposition of power into the propellant gas and hence the plasma production and overall efficiency of the device [29] . Moreover, knowledge of the neutral particle density distribution within the device will assist with the development of appropriate minimum facility pressure limits and understanding the importance of chargeexchange (CEX) collisions in the plume. Facility pressure and the impact of CEX collisions are known limiting factors in other highspecific-impulse devices such as ion and Hall-effect thrusters [30] .
Awell-known phenomenon that affects helicon source operation is "neutral pumping," (i.e., the depletion of neutral particles from the core region of the source), which leads to limitations in the attainable plasma density and ionization efficiency [4, 12, 29, [31] [32] [33] [34] [35] [36] . Reductions in neutral particle density of one order of magnitude or more have been observed in the core of helicon discharges [4, 12, 36] , both with respect to the cold flow values and between different regions in the source. Neutral pumping accounts for the emergence of different helicon modes [32] , for nonmonotonic variation of plasma density with varying RF power [34] , for electron species heating by limitation of RF power deposition into ionization [35] , for the radial nonhomogeneity of plasma properties [33] , and for the inception of discharge oscillations in connection to neutral particle ingestion in vacuum chambers [31] . Several mechanisms are thought to be behind the neutral pumping phenomenon: heating of neutral particle [4] , which requires lower neutral density to preserve pressure balance in the source; neutral particle diffusion [12] ; and "ion pumping," that is, the diffusion of ionized atoms to the wall of the tube being much faster (because of presheath electric fields) than the diffusion of neutral atoms (generated by recombination) from the wall to the core of the plasma [33] . The neutral particle density can also directly influence ion acceleration in helicon thrusters, with important consequences on the propulsive effectiveness of these sources [37] .
Previous direct measurements of the neutral particle density distribution were made with the discharge turned on, either by means of pressure gauges [12, 33, 38] (i.e., capacitive manometers or barometers) or by means of nonintrusive, laser-driven optical systems [39, 40] . The uncertainty in neutral particle density measurements obtained with a pressure gauge within a plasma is large because the gauge cannot discriminate between neutral gas density depletion and neutral gas heating (i.e., the pressure in the nonisothermal gas present in an RF discharge depends on both the neutral particle density and temperature, so that a variation in the neutral pressure cannot be a priori related to a variation of the particle density). Moreover, the physical presence of the probe in the flow can strongly alter the original flow pattern. Spectroscopic approaches can measure the neutral gas temperature and overcome the limitations of the barometer measurements [41] . Spectroscopic techniques are based on the evaluation of the rotational temperature of a trace (∼5% by mass) molecular gas, such as N 2 , injected into the main feed gas. The translational temperature of the main feed gas is assumed to be equal to the rotational temperature of the trace molecular gas. However, the analysis of many of these optical measurements often requires the development of complex collisional-radiative models for the calculation of atomic excited states and the interpretation of the light collected from the plasma. These models can introduce significant uncertainty into neutral particle density measurements because of the uncertainties related to the description of the collisional and diffusive phenomena and to the detailed knowledge of the necessary physical properties, such as the dependence of the collisional cross sections as a function of particle temperatures (electron temperature, heavy species translational temperature, and rotational and vibrational temperature of molecular gases) [42] .
The design of the propellant injection system is believed to play a major role in the neutral pumping phenomenon [29] . Although neutral pumping is strictly related to the plasma equilibrium configuration (as previously stated, it is strongly affected by neutral particle heating and ion diffusion), in this work, we focus our attention on the cold neutral particle density evolution in the discharge chamber, because it has a nonnegligible effect on the discharge equilibrium. Knowledge of the cold neutral particle density distribution in the source can be used to better understand the previously cited mechanisms of neutral depletion, as well as allow a propellant injection design that mitigates the neutral pumping effect and improves the overall operation of the helicon source. In addition, a simple and reliable procedure to determine the cold neutral background flow is a valuable tool for design improvements.
III. Experimental Apparatus
All tests were performed in vacuum test facility 1 (VTF-1) at the High Power Electric Propulsion Laboratory of the Georgia Institute of Technology, which is shown in Fig. 1a . The facility consists of a 4-m-diam by 7-m-long cylindrical stainless steel vacuum chamber. The facility is evacuated to a pressure of approximately 1.5 × 10 −2 torr N 2 by a pair of Oerlikon Leybold RA5001 roots pumps, capable of a combined pump rate of 3600 l∕s. High vacuum is achieved through six 1.5-m-diam diffusion pumps, capable of a combined pump rate of 600; 000 l∕s on nitrogen, and a facility base pressure below 1× 10 −6 torr. Facility pressure is measured by two Varian 571 BayardAlpert ionization gauges, controlled by a Varian XGS-600 ion gauge controller. Uncertainty in the facility pressure measurements is approximately 20%. Argon and xenon gases are supplied by an MKS 1179A mass flow controller connected to an MKS 247 power supply/readout, with a combined accuracy of 1% of set point. The mass flow system was calibrated by observing the pressure rise in a 0.959 l calibration plenum and calculating mass flow from the pressure rise and physical properties of the gas. Figure 1b shows a schematic of the cylindrical tube used for the pressure measurements, which is manufactured to similar dimensions as the HDLT [25] . The tube is fabricated from acrylic and is 29.2 cm long and 13.3 cm in diameter (inner wall). The helicon tube has 23 ports drilled in the wall at 12.7 0.025 mm intervals, which provide access to the pressure at the tube wall. Each port has a nylon tube with a self-sealing valve attached to it, so that gas cannot escape except when the pressure sensor is attached. The pressure sensor is an MKS model 626 Baratron pressure gauge with a maximum range of 10 −1 torr and an accuracy of 0.5%, connected to an MKS PDR2000 power supply and readout. The Baratron pressure gauge is mounted on a moveable arm with a vertical translation range of 50 mm, which allows the sensor to be lowered onto a port for measurement, then raised so that the Baratron pressure 
Pressure at the wall of the helicon tube is measured for argon and xenon at mass flow rates from 0 to 200 sccm (0 to ∼5.98 mg∕s in argon; 0 to19.65 mg∕s in xenon) with increments of 25 sccm (∼0.75 mg∕s in argon; ∼2.46 mg∕s in xenon). The VTF-1 facility reaches a steady pressure within 30 s of a change in mass flow rate. To move the Baratron pressure gauge between the pressure measurement wall ports, an arm first raises the pressure gauge to disengage it from the active port, the motion table then moves the Baratron pressure gauge to the next port, then the arm lowers the pressure gauge into the port until the self-sealing valve in the pressure port fitting opens. The Baratron pressure gauge reading is zeroed upon arrival at each wall port to avoid zero drift due to changes in the inclination of the sensor. At facility pressures less than the 5 × 10 −5 torr, the minimum measureable pressure of the Baratron pressure gauge, the gauge reading is set to zero. At higher facility pressures, the Baratron pressure gauge reading is set to the facility pressure. The 95% confidence intervals for the pressure measurements, as calculated by the analysis of variance method, are 7.0 × 10 −5 torr Xe and 5.0 × 10 −5 torr Ar.
IV. Direct Simulation Monte Carlo Simulations
The use of hybrid DSMC-particle-in-cell (PIC) codes is well established in the electric propulsion (EP) community to investigate the performance of electric thrusters and the interaction of their plumes with spacecraft [43] [44] [45] [46] [47] . The DSMC method [48] is employed to model heavy particle collisions, whereas the PIC method models ion motions in electric fields [49] . DSMC codes, without the PIC portion, have also been employed to investigate the cold neutral flow from EP devices into large vacuum chambers [50, 51] , showing very good agreement with experimental data. This work uses the freely distributed two-dimensional DSMC code DS2V developed by Bird, which is widely used in research communities and takes advantage of recently developed advanced numerical techniques for DSMC calculations [52] . Simulation of collisions between particles is based on a modified version of the quantum vibration model, which allows for exact energy equipartition among the different energy modes [52] . Although proper chemical models are implemented, which take into account molecular dissociation and ionization (and the respective inverse reactions), in our case (given the nature of the simulated gases and the relatively low temperatures involved) only neutral particles are present. The flow in the cylindrical discharge tube is modeled as axisymmetric and only half of the r-z plane is employed in the calculations. The symmetry axis is positioned on the lower boundary of the bounding rectangle of the computational domain. Preloaded specific gas models for argon and xenon were selected in the graphical interface of the code. The initial condition for our simulations is full vacuum. The simulations are complete when the number of particles in the computational domain reaches an asymptote and the wall pressure profile remains constant between two consecutive updates of the model output. Manual adjustments of the number of simulated molecules and adaption of cell size are performed during the calculations to ensure that the criterion for a good DSMC simulation (i.e., the ratio of the mean local separation between collision partners and the local mean free path being much lower than unity) is fulfilled [52] . The average number of simulated particles at steady state is 1.2 × 10 6 , whereas the average number of collision cells is 1.5 × 10 5 ; the time step is adaptively calculated by the code to satisfy the aforementioned criterion over the entire simulation domain.
Because the only datum for each simulation is the mass flow rate, we must set the inlet gas velocity or density to initiate the simulation. In general, the actual values may depend on many factors, which include feed system design, mass flow rate, helicon tube geometry, and facility backpressure. The feed system affects the inlet gas velocity because it causes a drop in pressure (both concentrated and distributed) between the exit of the propellant gas bottle and the inlet to the discharge chamber due to the viscous effects in the feed lines. Mass flow rate directly affects the inlet velocity as very high mass flow rates will exhibit higher pressure drop at the inlet section between the region upstream of the injection port, where the gas flows from the pressurized bottle, and the region downstream of it, where the flow is directly affected by the evacuated facility pressure. On the other hand, very low mass flow rates can lead to transitional or even free molecular flow inside the feeding lines themselves. The geometry of the insulating tube of the helicon determines the dynamics of the gas expansion and diffusion from the inlet port, which determines the local value of the static pressure. System backpressure determines the downstream pressure in case of subsonic flows or the position and shape of the sonic boundary in case of sub-to-supersonic expansion. The choice of the inlet density or velocity has a strong effect on the results and is discussed later in the manuscript.
Given the high number of possible variables in the problem and the practical impossibility to take them into account in a reliable way, we chose to use one of the two inlet values (density and velocity) as a free parameter and to compare the wall pressure data obtained from the DSMC simulations with the experiments. Through iteration, we identify the value of the free parameter that gives the best agreement with the experimental values. Explicitly, best agreement is defined as the lowest global error, calculated as
where p exp is the measured value of the neutral pressure at the wall, p DSMC is the corresponding value calculated with the DSMC code, and the sum is taken over all the measured experimental points on the tube wall. This procedure allows for a more precise comparison with the experimental data than assigning a priori a sonic condition at the inlet [50] . To make comparisons easier, given the different gases used, the inlet Mach number is taken as a variable parameter. As anticipated, the inlet conditions have a nonnegligible effect on the wall pressure profile, mainly in terms of absolute magnitude. As expected, a reduction in the inlet Mach number leads to an increase in the static wall pressure. Note that the flow inside the discharge chamber is subsonic. The inlet Mach number is iterated in 1∕32 increments to obtain the flow solution. Greater accuracy in finding the inlet Mach number is possible, but 1∕32 increments provide acceptable resolution of the inlet Mach number for the scope of this work. Initially, simulations are performed within a computational domain with the same physical dimensions as the VTF-1. Diffuse reflection and full temperature accommodation are assumed at the chamber and tube walls.
The diffusion pumps are simulated as an interface with vacuum on the outer wall of the chamber. The axial extent of this interface is chosen so that its surface area is equal to the actual total surface of the pumps. This case is referred to as the large-volume case. Given the relatively high number of simulations required, an analysis of the sensitivity of the results to the computational domain dimensions is performed. A compromise between accuracy of the results and computational effort was to choose a computational domain that spans 2 m in the axial direction and 1 m in the radial direction, with all boundaries (but for the lower one coinciding with the symmetry axis of the flow) set as interfaces with vacuum. This case is referred to as the reduced-volume case.
V. Results and Discussion
This section validates the numerical results through comparison with the experimentally measured cold neutral wall pressure profile. The results of the simulation are then used to understand the neutral particle density distribution within the cylindrical helicon chamber. Figure 2 shows a comparison of the wall pressure measurements in argon at 25 sccm mass flow rate, with the DSMC simulations both in the large-and reduced-volume cases. First, these plots give an example of the dependence of the simulated wall pressure on the inlet Mach number of the gas. As anticipated, higher inlet Mach numbers lead to lower average values of the wall pressure. In this case, the best agreement is found to be for an inlet Mach number of 6∕32. The choice to employ a reduced computational domain is validated here because it does not have a large effect on the numerical results for the wall pressure (in the M 0.5 case, they are completely superimposed). The only noticeable differences between the large-and reduced-volume cases arise at the very first portion of the tube, which will be discussed later, and for the case of sonic inlet, which is very far from the measured values and thus not considered important. Results for different mass flow rates both in argon and xenon exhibit the same qualitative properties.
Figures 3a and 3b show the experimental data and corresponding simulation results for all of the argon and xenon mass flow rates investigated. The agreement between the experimental data and simulation results is in general fairly good, with average relative error below 10% and local maximum error around 30% in the worst cases (mainly in the upstream region for argon simulations and at the downstream end of the channel for xenon simulations). For all the cases, the inlet Mach number giving the best agreement is around 5∕32, even if in some cases an even more accurate choice of this parameter would lead to closer results with the experimental data, especially for some of the cases with xenon. A common pattern, which is both experimentally and numerically detected, is the fact that the cold neutral pressure at the wall is not at all constant, as would be desirable in terms of uniformity of the neutral background, nor monotonically decreasing, as would be expected from an expansion into vacuum, but peaks approximately 10 cm from the backplate. The reason is easily found by looking at Fig. 4 , in which the streamlines in the first half of the channel are traced in the case of a 100 sccm argon flow rate (same qualitative result holds true in the other cases). The upper-left corner in the r-z plane is characterized by a large recirculating flow structure, which is responsible for the local lowering of the static pressure at the wall. The presence of this structure is likely due to the feed strategy: Injection of propellant through a central hole on the axis of the device does not allow for a smooth expansion of the flow in the tube, which reattaches at the wall only at a certain distance from the backplate. An important point to notice is that the qualitative behavior outlined here (i.e., the presence in the numerical data of a peak of the wall pressure distribution and of a recirculating flow structure near the inlet) is not dependent on the particular choice for the inlet Mach number, as demonstrated by Fig. 2 . Figure 5a shows the DSMC data for the axial variation of the neutral density along the axis of the tube, at a mass flow rate of 100 sccm of argon, for two different radial positions: r 0 cm (along the tube axis) and r 6.65 cm (along the inner wall of the tube). The axial neutral particle density profile decreases by more than two orders of magnitude in the first 10 cm of the channel, due to the position of the injection port, whereas in the remaining downstream part of the channel, the neutral particle density distribution remains of the same order of magnitude, although not perfectly homogeneous nor monotonic. The axial neutral particle distribution in the vicinity of the wall is much more homogeneous, although not being monotonic. Figure 5b shows the radial density profiles at three different axial positions: z 4, 14, and 23 cm (i.e., near the exit plane). The mass flow rate is again 100 sccm of argon, but similar results hold for the other cases. The only position with an almost constant radial distribution of neutral particles is at z 23 cm. The z 4 cm position has a nonmonotonic concave variation of the density along the radius, the local peak on the axis being related to the vicinity of the injection port. The z 14 cm position also presents a concave, although monotonic, radial density profile. What is most interesting is that these results show that, given a particular geometrical configuration of the source, the cold neutral flow is characterized by neutral particle depletion in the center of the source, which is related to purely gas-dynamic reasons and not to the specific equilibrium configuration with the plasma discharge turned on. This is further illustrated by the zoomed plot in Fig. 5a , which clearly shows that, for most of the tube length, the neutral density on the axis of the device is lower than the density on the wall. We can infer that such a situation increases the detrimental effect of ion pumping and neutral diffusion, when the discharge is on, in terms of neutral particle depletion. The magnitude of the variation of the cold neutral density along the radius is indeed of the same order of the measured hot neutral particle depletion by other authors [33, 38, 40] .
One possible way to reduce the observed nonhomogeneity could involve the adoption of a different injection system, such as a multihole plate that would allow for a more uniform injection over the whole backplate of the discharge chamber. Further optimization could be attained by measuring the effect of the improved design on the plasma equilibrium and iterating on the injection system design.
VI. Conclusions
This work illuminates the impact of gas injection configuration on cold flow neutral dynamics within cylinders that exhaust into vacuum environments. The experimental conditions and simulations are representative of typical helicon plasma source operation. Direct Monte Carlo simulations, validated by experimental pressure measurements along the cylinder wall for several mass flow rates of argon and xenon gas, quantify the neutral particle distribution throughout the cylinder.
The results show that the neutral particle distribution is characterized by a concave neutral density distribution on the axis of the device, and so the single on-axis injection port does not achieve a uniform cold neutral particle distribution in the discharge chamber, at least for geometrical configurations (in terms of discharge chamber dimensions) typical of propulsive experiments of helicon plasma sources. It is possible that the observed nonhomogeneity of the neutral background flow contributes to the neutral particle depletion phenomenon when the helicon plasma discharge is turned on, although further and specific investigations are required to determine the eventual correlation between cold flow properties and the discharge equilibrium, possibly by testing different injection systems. 
